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ABSTRACT 

One  of  the  main  obstacles  of  applying  explosive  welding  for  improved  mechanical  and 
corrosion  properties  of  bimetal  composite  materials  is  the  potential  for  a  residual  stress 
contour  to  exist  at  the  interface  to  be  bonded,  which  could  be  detrimental  to  the  life  of  the 
vehicle.  Therefore  it  is  important  to  study  the  distribution  of  the  residual  stress  over  the 
welded  material,  especially  at  the  interface  area.  A  range  of  varieties  of  steel  plate  materials, 
possessing  different  chemistries,  mechanical  properties  and  thicknesses,  were  explosive 
welded  to  produce  bi-metallic  plates.  Neutron  diffraction  experiments  were  undertaken  to 
investigate  the  residual  stress  development  in  these  bi-metallic  plates.  The  characteristic 
residual  stress  formations  in  the  plate  systems  were  observed  to  be  influenced  by 
microstructural  evolution  at  the  weld  interface  as  well  as  the  mechanical  properties  and 
thicknesses  of  the  original  plate  materials.  It  was  found  that  explosive  welded  plates  have 
tensile  residual  stresses  in  both  the  longitudinal  and  transverse  direction  at  the  interface.  The 
level  of  these  stresses  is  close  to  yield. 
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Residual  Stress  Development  in  Explosive-Bonded 
Bi-Metallic  Composite  Materials 


Executive  Summary 

One  of  the  main  obstacles  of  applying  explosive  welding  for  improved  mechanical  and 
corrosion  properties  of  bimetal  composite  materials  is  the  potential  for  a  residual  stress 
contour  to  exist  at  the  interface  to  be  bonded,  which  could  be  detrimental  to  the  life  of 
the  vehicle.  Therefore  it  is  important  to  study  the  distribution  of  the  residual  stress 
over  the  welded  material,  especially  at  the  interface  area. 

A  variety  of  steel  plate  materials,  possessing  different  chemistries,  mechanical 
properties  and  thicknesses,  were  explosive  welded  to  produce  bi-metallic  plates. 

Neutron  residual  stress  measurements  was  conducted  to  measure  the  residual  stresses 
along  the  through-thickness  direction  of  the  bonded  joints,  for  both  the  longitudinal 
and  transverse  directions.  The  trends  shown  in  the  development  of  longitudinal  and 
transverse  residual  stresses  were  similar  in  each  joint,  regardless  of  materials 
combinations  and  thicknesses.  Tensile  residual  stresses  were  observed  to  be  greatest  at 
the  weld  interface,  with  compressive  residual  stresses  produced  in  the  unaffected  base 
metal.  It  was  found  that  steels  possessing  high  toughness  and  ductility  produced 
residual  stresses  that  exceeded  the  yield  strengths  of  these  materials,  however,  the 
yield  strengths  were  less  than  those  of  steels  which  have  higher  strength. 

The  quantification  of  residual  stress  development  in  these  systems  may  be  used 
together  with  other  analytical  and  mechanical  techniques,  to  inform  potential  armour 
design  based  on  metal-metal  composite  plates  produced  through  the  explosive 
welding  process. 
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1.  Introduction 


Armour  steels  are  generally  categorised  as  high  strength  steels,  with  their  microstructures 
and  resultant  properties  tailored  to  defeating  both  ballistic  and  blast  threats.  Since  World 
War  II,  numerous  steels  have  been  researched  and  introduced  to  protect  armoured 
vehicles.  These  include  rolled  homogeneous  armour  (RHA),  high  hardness  armour  (HHA), 
high  toughness  armour  (HTA)  and  ultra-high  hardness  armour  (UHA).  These  steels  rely 
on  hard  microstructural  phases  (notably  martensite)  to  attain  their  strength  and  hardness, 
but  with  an  inherent  sacrifice  in  toughness  and  ductility.  Traditionally,  it  has  been 
considered  that  obtaining  strength,  toughness  and  ductility  simultaneously  in  a  material  is 
difficult,  because  the  properties  are  essentially  mutually  exclusive. 

In  considering  an  optimised  protective  armoured  system,  strength  and  hardness  are  vital 
to  protect  against  and  defeat  impact  events  from  blast,  as  well  as  provide  structural 
integrity  for  armoured  vehicles.  However,  toughness  and  ductility  are  required  by  the 
material  to  absorb  kinetic  energy  of  blast  waves,  hence  avoiding  catastrophic  failure. 
Ideally,  the  protective  system  requires  all  these  properties  in  concert  to  provide  optimum 
survivability.  Obtaining  these  properties  with  conventional  monolithic  steel  armour  is 
exceedingly  difficult.  One  method  in  achieving  these  properties  is  to  join  steel  possessing 
different  properties  such  as  high  strength  and  hardness,  with  another  steel  possessing  high 
toughness  and  ductility,  thus  creating  a  composite  plate  with  good  all-round  mechanical 
properties  as  shown  in  Figure  1.  In  order  to  achieve  this,  bi-metallic  plates  require  a 
continuous  join  between  the  surfaces  of  both  plates,  which  is  not  attainable  through  typical 
fusion  welding  techniques.  Therefore,  explosive  welding  (EW),  utilising  an  impact  of  a 
flyer  plate  with  that  of  a  stationary  base  plate  (hence  inducing  a  solid-state  continuous 
bonded  join)  presents  a  convenient  method  to  tailor  either  similar  or  dissimilar  steels  to 
achieve  these  properties  within  one  system.  Further,  this  process  can  be  used  to 
conveniently  join  similar  or  dissimilar  steels,  which  may  not  be  able  to  be  joined  by  fusion 
processes. 


Plate  2  provide 
strength  and  hardness 


Figure  1:  Composite  plate  configuration  to  protect  against  a  blast  event,  with  plate  1  providing 
toughness  and  ductility  properties  and  plate  2  providing  strength  and  hardness 
properties. 
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In  optimised  bi-metallic  protective  systems,  one  plate  provides  strength  and  hardness, 
whilst  the  other  plate  reinforces  toughness  and  ductility  of  the  system.  The  configuration 
of  the  two  plates  depends  on  the  overall  purpose  of  the  protective  system. 

The  metallurgical  bond  produced  through  EW  is  of  particular  importance  in  these  joints, 
due  to  complex  metallurgical  interactions  that  occur.  These  have  been  described  in  a 
previous  study  [1]  and  involve  localised  severe  plastic  deformation,  high  strain  rate 
deformation  of  base  material  through  shock  loading,  areas  of  intense  localised  heating  and 
subsequent  phase  transformations.  Further,  residual  stresses  are  important  within 
potential  composite  systems,  because  these  may  not  only  provide  ballistic/ blast 
protection,  but  also  improve  structural  integrity.  However,  one  of  the  main  issues  with 
applying  explosive  bonding  for  improving  mechanical  and  metallurgical  properties  of  the 
materials  may  be  residual  stress  contour  on  the  interface  to  be  bonded,  as  this  may  be 
detrimental  to  the  life  of  the  vehicles.  For  this  reason,  it  is  important  to  study  the 
distribution  of  the  residual  stress  over  the  blast  material,  especially  the  interface  area. 

Residual  stresses  exist  within  a  component  or  assembly  in  the  absence  of  any  externally 
applied  load,  but  usually  as  a  result  of  thermo-mechanical  treatment  such  as  forming, 
welding,  joining,  machining,  heat  treatment,  abrasion,  peening  and  other  simple  processes 
of  fabrication  [2,  3].  The  residual  stresses  may  also  originate  from  shape  misfits  between 
different  regions  of  a  component.  The  basic  cause  of  these  misfits  is  non-uniform  plastic 
deformation.  The  same  effect  can  occur  even  under  uniform  plastic  deformation,  such  as  in 
conditions  where  temperature  gradients  are  responsible  for  different  accumulated  plastic 
deformation  in  parts  of  a  component.  In  practice,  it  is  important  to  determine  whether  the 
local  parts  of  interest  suffer  compressive  or  tensile  stress,  because  depending  on  the  status 
of  stress,  premature  failure  modes  can  occur  on  the  assembled  part.  It  is  well  known  that 
the  compressive  residual  stress  on  the  surface  of  a  component  is  beneficial  in  reducing  the 
likelihood  of  failure  in  the  particular  region  of  a  component.  It  may  even  increase  the 
component's  resistance  to  an  externally  applied  load. 

Residual  stresses  have  been  shown  to  influence  structural  integrity,  including  fatigue 
strength  and  endurance-life  [4,  5].  However,  information  detailing  residual  stresses 
produced  by  the  EW  process  is  lacking  with  a  single  work  providing  some  theoretical 
estimates  [6]  and  a  few  publications  with  experimental  results  [2,  3].  The  ability  to  quantify 
residual  stresses  would  thus  be  a  worthy  goal  to  inform  potential  armour  design  based  on 
bi-metallic  plates  produced  through  the  EW  process. 

In  this  report,  a  series  of  8  types  of  steel  plate  materials  possessing  different  chemistries, 
mechanical  properties  and  thicknesses,  were  joined  through  the  EW  process.  Neutron 
diffraction  experiments  were  then  carried  out  at  the  residual  stress  diffractometer  Kowari 
at  OPAL  research  reactor  at  Australian  Nuclear  Science  and  Technology  Organisation 
(ANSTO)  (Lucas  Heights,  Australia),  in  order  to  characterise  the  residual  stress 
development  through  the  thickness  of  the  composite  plates  as  a  function  of  both  EW 
process  and  steel  plate  combinations. 
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2.  Experimental 

2.1  Materials  and  Explosive  Welding  Methodology 

Eight  explosive  welding  experiments  were  undertaken  in  this  study,  using  three  flyer  plate 
materials  including  TWin  Induced  Plasticity  (TWIP)  steel.  Grade  350  mild  steel  and 
superaustenitic  steel  and  three  alternative  bottom  plate  materials,  TWIP  steel.  Grade  350 
mild  steel,  and  high  strength,  high  hardness  'HARD'  steel.  The  plate  combinations,  charge 
weight,  charge  thickness  and  angle  of  flyer  plate  are  given  in  Table  1.  All  steels  possessed 
different  chemistry,  heat-treatment  and  hence  mechanical  properties  and  the  differences  in 
mechanical  properties  are  shown  in  Table  2. 


Table  1:  Plate  combinations  and  charge  weights  used  for  explosive  bonding. 


No 

Plate  Combination 
(mm) 

Charge  Weight 
(kg) 

Charge  Thickness 
(mm) 

Angle 

(°) 

1 

TWIP  (8.5)  +  TWIP  (2.6) 

0.56 

11.9 

10 

2 

G350(8.5)  +  TWIP  (2.6) 

0.56 

11.9 

10 

3 

TWIP  (2.6)  +  TWIP  (8.5) 

0.18 

3.6 

10 

4 

TWIP  (2.6)  +  G350  (8.5) 

0.18 

3.6 

10 

5 

G350  (8.5)  +  G350  (8.5) 

0.56 

11.9 

10 

6 

TWIP  (8.5)  +  TWIP  (8.5) 

0.56 

11.9 

10 

7 

TWIP  (2.6)  +  TWIP  (2.6) 

0.18 

3.6 

10 

8 

SA1  (8.5)  +  HARD2  (4.3) 

0.56 

11.9 

10 

Table  2:  Typical  mechanical  properties  of  superaustenitic  steel,  TWIP  steel  and  HARD  steels. 


Material 

Yield  strength 
(MPa) 

Ultimate  tensile 
strength  (MPa) 

Elongation 

(%) 

TWIP  steel 

640 

780 

60 

Grade  350  steel 

350 

430 

>15 

HARD  steel 

1150 

1450 

13 

Superaustenitic  steel 

430 

700-950 

>35 

These  plates  were  water-jet  cut  to  dimensions  of  180  mm  x  180  mm.  The  explosive  charge 
was  contained  in  wooden  boxes  with  dimension  of  180  mm  x  180  mm  x  100  mm.  The 
configuration  for  explosive  bonding  is  shown  in  Figure  2. 


1  SA:  Superaustenitic  steel. 

2  The  brand  name  of  HARD  steel  is  protected. 
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This  shows  the  details  of  the  plate  preparation  used  for  explosive  bonding  tests.  The 
computation  of  the  charge  thickness  for  the  flyer  plate  was  followed  by  the  Gurney 
equation  [7] 

M_  =  (1) 

C  p  ‘  t  K) 

I  e  e 

With  the  ratio  of  mass  of  the  fragments  (M)  and  the  mass  of  the  explosive  (C)  fixed  as 
constant,  pm  =  plate  density  (kg/m3),  tm=  plate  thickness  (m),  pe  =  explosive  density  (kg/m3), 
and  te  =  explosive  thickness  (m),  under  the  assumption  that  the  chemical  energy  of  the 
explosive  was  transformed  into  kinetic  energy  of  the  explosive  products  and  metal 
fragments. 

The  flyer  plate  was  placed  on  the  top  of  the  bottom  plate  for  each  test  with  10°  angle  (P) 
between  the  two  plates.  Figure  2  shows  the  schematic  diagram  of  the  material  preparation 
for  the  explosive  bonding  experiments. 


Figure  2:  A  schematic  (not  to  scale)  of  the  configuration  and  position  of  the  flyer  (top)  and  bottom 
plates  adapted  from  [1],  together  with  PE4  charge.  /3  represents  the  angle  between  the 
plates  (fixed  10°  for  this  project)  . 


As  shown  in  Figure  2,  the  flyer  plate  was  located  15  mm  beyond  the  left  hand  edge  of  the 
bottom  plate.  This  was  done  to  optimise  the  jetting  action  developed  between  the  two 
plates.  The  region  marked  'A'  indicates  the  location  of  the  detonator,  which  was  inserted 
into  a  drilled  hole  in  the  explosive.  The  apparatus  was  located  on  a  20  mm  rubber  mattress 
for  shock  absorbing  purposes. 
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2.2  The  Principles  of  Neutron  Diffraction  for  Stress  Measurement 

Neutrons  are  elementary  particles  with  approximately  the  mass  of  a  proton  but  no  electric 
charge.  Due  to  this  charge  neutrality  they  can  penetrate  deep  into  material  and  are 
typically  about  a  thousand  times  more  penetrating  than  X-rays.  In  nuclear  research 
reactors,  fast  neutrons  produced  in  fission  nuclear  reactions  are  slowed  down  by  specially 
designed  moderators,  so  that  they  possess  a  wavelength  similar  to  the  lattice  spacing  of 
typical  engineering  materials  (metals,  ceramics),  which  makes  them  very  suitable  for  strain 
measurement  using  neutron  diffraction. 

Neutron  diffraction  is  a  measurement  technique  which  closely  parallels  X-ray  diffraction 
in  methodology  and  analytical  procedure.  The  geometrical  principle  of  diffraction  is 
shown  in  Figure  3,  illustrating  the  diffracted  planes  and  wave  vectors,  as  well  as  scattering 
vector.  Similar  to  the  X-ray  stress  measurement  technique,  neutrons  also  can  be  used  for 
stress  measurements.  However,  due  to  the  high  penetration  of  neutrons,  the  residual 
stresses  can  be  measured  non-destructively  within  the  interior  of  components  in  small  test 
volumes  (called  gauge  volume,  can  be  as  small  as  0.5x0.5x0.5  mm3)  and  in  thick  specimens 
(up  to  50-70  mm  in  steel)  using  neutron  diffraction. 


Figure  3:  The  principles  of  neutron  diffraction. 

When  a  beam  of  neutrons  is  passed  through  a  polycrystalline  material,  diffraction  occurs 
and  diffraction  peak  appears  according  to  Bragg's  law,  given  by  equation  (2): 

/l  =  2dm  sin  6m  (2) 

where  X  is  the  wavelength  of  the  radiation  used,  6hkl  is  the  Bragg  angle  for 
crystallographic  planes,  hkl,  having  interplanar  spacing,  dm. 
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Under  an  applied  tensile  or  compressive  stress,  the  lattice  spacing  in  individual  crystalline 
grains  expands  or  contracts.  This  causes  a  relative  change  in  the  lattice  spacing,  or  strain. 
At  constant  wavelength,  this  change  can  be  detected  as  a  shift  in  position  of  the  diffraction 
peaks.  From  Bragg's  law,  the  strain  is  given  by  equation  (3).  The  'naught'  values  in 
equations  (3)  and  (4),  do  and  Oo,  refer  to  the  reference  stress-free  sample. 


£hkl  ~ 


(3) 


£  = 


sin  6  0 
sin  0 


-  1 


(4) 


The  strain  uncertainty.  As,  measurement  can  then  be  calculated  by  equation  (5): 


As=-^j(AdJ  +(AdJ  (5) 
d  o 


If  measurements  are  done  in  three  principal  directions  of  a  three  dimensional  solid,  then 
the  strains  (sXx,  eyy,  eZz)  can  be  calculated  from  the  stress  tensor  components  (oxx,  oyy,  ozz) 
using  elasticity  theory  for  elastically  isotropic  solid.  It  gives  equation  (6): 


ov  = 


(1  +  v)(l  -  2v) 


h~V)£xx  +  V(£yy  +  £zz)] 


(1  +  v)(l  -  2v) 


fa-v)£yy  +v(exx  +ol  (6) 


o,= 


(1  +  v)(l  -  2v) 


l(l_V)£zz  +  V(£xx  +£>y)l 


From  (6)  E=Em  is  Young's  modulus,  and  v=  vhu  is  Poisson's  ratio.  Because  of  elastic 
anisotropy  of  the  material,  they  are  hkl  sensitive  and  should  be  calculated  (or  evaluated  by 
other  means)  for  the  specific  hkl  reflection  used  in  the  neutron  measurements.  The 
uncertainties  of  the  stress  components  are  defined  as: 


= 

A  a  ,  = 


(l  +  v)(l-2v) 
E 


+  V2  (  A  ~£~2  +  A  ~aj) 


xy 


A  a  = 


- =r - As  2  +v2  (As  2  +  A s  2) 

(1  +  v)(l  -  2v)  *  w  ^  “  zz  ’ 

JasJ  +  v2  (A ~sj  +  A ~s~2  ) 


(7) 


(1  +  v)(l  -  2v) 
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The  geometry  of  the  samples  allows  significant  simplification  of  the  stress  analysis, 
because  the  thickness  of  the  plates  is  much  smaller  than  the  other  two  dimensions.  The 
plane  stress  state  condition,  <JZZ  =  0  ,  can  be  used  as  a  very  accurate  approximation.  (It  was 
also  proved  experimentally,  see  Results.)  In  this  case  equations  (6)  can  be  reduced  to 
Eq(8): 


o 


xx 


O 


yy 


E 

(1  +  v)(l  -  v) 
E 

(1  +  v)(l  -  v) 


+  VS  1 

yy  J 

+  vs  1 

xx  J 


(8) 


2.3  Neutron  Diffraction  Experiments 

The  neutron  strain  scanning  was  carried  out  on  the  residual  stress  diffractometer  Kowari 
at  OPAL  research  reactor  at  ANSTO  (Lucas  Height,  Australia).  Scanning  was  done  with 
high  spatial  resolution  of  0.5  mm  in  the  through-thickness  dimension,  using  a 
0.5x0.5x20  mm3  gauge  volume  with  the  longest  dimension  being  the  in-plane  direction. 
This  high  resolution  was  necessary  to  resolve  stresses  in  the  thinnest  plates  with  thickness 
of  just  2  mm  and  in  anticipation  of  strong  stress  gradients  especially  in  the  interface  area. 
At  the  same  time  this  gauge  volume  enabled  us  to  make  multiple  through  thickness 
measurements  (usually  with  steps  0.4-0. 6  mm)  in  many  samples  within  an  allocated  time. 

Since  these  experiments  involving  two  different  crystal  structures,  ferritic  aFe  and 
austenitic  yFe  steels,  two  different  reflections  were  used,  aFe(211)  and  yFe(311),  but 
always  in  close-to-90°  geometry  (Bragg  angle  for  this  reflection  at  20  =  90°)  for  the  best 
localisation  of  the  gauge  volume.  To  achieve  this,  a  monochromatic  neutron  beam  from 
Si(400)  reflection  of  Si  monochromators  was  put  at  two  take-off  angles  of  76°  and  69°  to 
provide  the  neutron  wavelength  of  1.67  A  and  1.54  A  for  the  reflections  aFe(211)  and  y 
Fe(311)  correspondingly.  Since  plate  thicknesses  varied  from  2  mm  to  19  mm,  the 
measurement  time  was  also  adjusted  to  provide  a  target  strain  accuracy  of  approximately 
100  microstrain.  When  such  accuracy  is  achieved,  this  results  in  a  stress  uncertainty  of 
20  MPa.  Three  principal  directions,  two  mutually  perpendicular  in-plane  and  normal, 
were  measured  for  all  samples  enabling  in  plane  stress  reconstruction  assuming  zero  plane 
stress  condition  (the  stress  in  the  through-thickness  condition  is  zero).  In  the  stress 
reconstruction  the  following  hkl-dependent  elastic  constants  were  used  to  reflect  elastic 
anisotropy  of  the  materials:  E211  =  224.6  GPa  and  V211  =  0.284  for  aFe(211)  reflection  and 
E311  =  203.3  GPa  and  V311  =  0.304  for  yFe(311). 
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3.  Results  and  Discussions 

3.1  Composite  Plate  Bonding  and  Interface  Characteristics 

Figure  4  shows  the  side  view  of  the  explosive-bonded  composite  plates,  possessing  similar 
and  dissimilar  material  combinations  as  well  as  thicknesses.  Most  plates  are  observed  to 
have  some  deformation  bowing,  which  was  oriented  in  the  same  direction  as  that  of  the 
blast  impact.  All  plates  were  found  to  have  formed  solid  joints  at  the  interface,  including 
the  joint  shown  in  Figure  4g  where  some  disbonding  occurred.  This  plate  possessed 
materials  with  the  greatest  hardness,  however,  detonation  velocity  of  the  explosive  may 
also  have  an  influence.  This  matter  will  be  discussed  in  another  paper. 


Figure  4:  The  side  views  of  the  explosive  bonded  plates  (continued  next  page) 
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Figure  4  (continued) 


In  Figures  5  to  12,  the  typical  wave-interface  morphology  produced  during  the  EW  process 
is  observed  for  each  plate  combination  through  optical  micrographs.  This  was  achieved 
using  standard  practices  of  grinding  and  polishing  for  the  preparation  of  steels  for 
microstructural  analyses.  The  shape  of  the  waves  at  the  interface  is  different  for  each  plate 
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combination  and  it  appears  that  the  combinations  with  ferritic  steel  and  TWIP  steel  show 
greater  tendency  for  folds  or  distinct  "hand-shakes"  to  occur,  in  contrast  to  the  TWIP- 
TWIP  combinations  which  produced  a  "peak  and  trough"  interface. 

For  the  regions  examined  in  Figures  5  to  12,  all  plates  showed  good  bonding  by  the  EW 
process,  apart  from  Plate  3  (Figure  6)  in  which  debonding  had  occurred  between  the  two 
TWIP  steel  plates  of  different  thicknesses  and  this  is  clearly  evidenced  through  cracking  at 
the  interface. 

It  was  observed  that  regardless  of  the  plate  combinations  used  to  produce  each  composite 
plate  in  this  study,  the  interface  microstructure  was  seen  to  possess  a  mixture  of  complex 
metallurgical  features.  These  included  severely-plastically  deformed  grains;  solidified 
melts  (zones  which  had  melted  and  solidified  during  the  welding  processes  as  a  result  of 
high  localised  temperatures  reached  at  the  interface);  associated  solidification  defects  such 
as  porosity  or  shrinkage  cracks  in  the  solidified  melts;  adiabatic  shear  band  formation;  as 
well  as  recrystallised  grains.  For  further  detailed  information  on  microstructural 
characterisation  at  the  interface  of  ferritic-martensitic  and  austenitic  steels  produced  using 
the  EW  process,  the  reader  is  referred  to  the  investigation  undertaken  in  reference  [1]. 


Figure  5:  Macrographs  and  micrograph  of  plate  1  TWIP  (8.5)  +  TWIP  (2.6).  Top  scale  bar  is  2  mm. 


Figure  6:  Macrographs  and  micrograph  of  plate  2  G350(8.5)  +  TWIP  (2.6).  Top  scale  bar  is  2  mm. 
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Figure  7:  Macrographs  and  micrograph  of  plate  3  TWIP  (2.6)  +  TWIP  (8.5).  Top  scale  bar  is  2  mm. 


Figure  8:  Macrographs  and  micrograph  of  plate  4  TWIP  (2.6)  +  G350  (8.5).  Top  scale  bar  is  2  mm. 


Figure  9:  Macrographs  and  micrograph  of  plate  5  G350  (8.5)  +  G350  (8.5).  Top  scale  bar  is  2  mm. 
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Figure  10:  Macrographs  and  micrograph  of  plate  6  TWIP  (8.5)  +  TWIP  (8.5).  Top  scale  bar  is 
2  mm. 


Figure  11:  Macrographs  and  micrograph  of  plate  7  TWIP  (2.6)  +  TWIP  (2.6).  Top  scale  bar  is 
2  mm. 


Figure  12:  Macrographs  and  micrograph  of  plate  8  SA  (8.5)  +  HARD  (4.3)  from  adapted  from  [1], 
Top  scale  bar  is  380  jum. 
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3.2  Residual  Stress  Development  in  Composite  Plates 

The  development  of  residual  stresses  in  the  composite  plate  combinations,  as  a  function  of 
through-thickness  position,  is  presented  in  Figures  13  to  20.  There  were  a  number  of  key 
observations,  related  to  initial  plate  material  combinations  and  plate  thicknesses.  It  is 
important  to  note  that  the  flyer  plates  location  in  Figures  13  to  20  are  always  on  the  right 
hand  side  of  each  figure.  The  key  observations  for  residual  stress  evolution  in  the 
composite  plates  are  hence  described  as  follows: 

Regardless  of  plate  material  combinations,  the  longitudinal  and  transverse  residual 
stresses  showed  very  similar  trends. 

The  maximum  tensile  stresses  in  both  longitudinal  and  transverse  directions  were 
observed  to  occur  in  the  vicinity  of  the  weld  interface  in  all  combinations.  This  is  due  to 
the  highly  localised  areas  of  intense  deformation  occurring  at  the  weld  interface,  which 
causes  heating  during  impact  and  on  cooling,  thermal  shrinkage.  This  induces  tensile 
residual  stresses  due  to  the  misfits  produced  between  the  near  weld-interface  and  the 
unaffected  base  metal.  Further,  as  a  result  of  these  misfits  and  for  equilibrium  reasons,  the 
unaffected  base  metal  attains  compressive  stresses. 

The  tensile  residual  stresses  were  greatest  for  TWIP  steel  combinations,  giving  stresses  of 
600  MPa  or  greater  at  the  weld  interface.  These  values  are  similar  to,  or  exceeding  the  yield 
strength  of  this  material.  The  yield  strengths  of  grade  350  and  HARD  steels  were  not 
exceeded.  The  yield  strength  of  SA  steel  was  slightly  exceeded. 

Mismatched  plate  thickness  configurations  generally  possessed  one  plate  with  tensile 
surface  residual  stresses  and  the  other  plate  with  compression  surface  residual  stresses. 
This  is  due  to  plasticity  effects,  where  either  compressive  deformation  occurred  as  a  result 
of  the  explosion  on  the  flyer  plate,  and/ or  due  to  bending  occurring  in  the  composite  plate 
system  as  a  result  of  the  EW  process. 

Matched  plate  thickness  configurations  displayed  a  more  conventional  development  of 
residual  stresses  through  the  thickness  of  the  bi-metallic  plate,  with  lower  values  of  tensile 
or  compressive  surface  stresses.  These  samples  were  generally  less  bent  or  warped  in 
appearance  as  shown  in  Figure  4. 
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Figure  13:  Longitudinal  and  transverse  residual  stresses  in  a  composite  plate  1  of  TWIP  (2.6)  + 
TWIP  (8.5). 


Figure  14:  Longitudinal  and  transverse  residual  stresses  in  a  composite  plate  2  of  TWIP  (2.6)  + 
G350(8.5). 
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Figure  15:  Longitudinal  and  transverse  residual  stresses  in  a  composite  plate  3  of  TWIP  (8.5)  + 
TWIP  (2.6). 


Figure  16:  Longitudinal  and  transverse  residual  stresses  in  a  composite  plate  4  of  G350  (8.5)  + 
TWIP  (2.6). 
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Figure  17:  Longitudinal  and  transverse  residual  stresses  in  a  composite  plate  5  of  G350  (8.5)  + 
G350  (8.5). 
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Figure  18:  Longitudinal  and  transverse  residual  stresses  in  a  composite  plate  6  of  TWIP  (8.5)  + 
TWIP  (8.5). 
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Figure  19:  Longitudinal  and  transverse  residual  stresses  in  a  composite  plate  7  of  TWIP  (2.6)  + 
TWIP  (2.6). 
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Figure  20:  Longitudinal  and  transverse  residual  stresses  in  a  composite  plate  8  of  SA  (8.5)  + 
HARD  (4.3). 
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4.  Conclusions 


A  series  of  eight  bi-metallic  composite  plates  were  produced  using  the  EW  process, 
utilising  a  variety  of  steel  plate  chemistries,  mechanical  properties  and  plate  thicknesses. 
Neutron  residual  stress  measurements  were  undertaken  to  analyse  the  development  of 
transverse  and  longitudinal  residual  stresses  along  the  through-thickness  direction  of  the 
bonded  joints.  Residual  stress  formation  is  dependent  on  welding  processes,  causing  the 
formation  of  metallurgical  features  and  plasticity  at  and  near  to  the  weld  interface. 

The  trend  of  longitudinal  and  transverse  residual  stresses  was  essentially  similar  in  all 
joints,  regardless  of  materials  combinations  and  thicknesses.  Tensile  residual  stresses  were 
found  to  be  greatest  at  the  weld  interface,  with  compressive  residual  stresses  produced  in 
the  unaffected  base  metal.  The  residual  stresses  present  in  TWIP  steel  and  SA  steel 
exceeded  the  yield  strengths  of  these  materials;  however,  yield  strengths  were  not 
exceeded  in  either  the  grade  350  or  HARD  steels.  Tensile  and  compressive  surface  residual 
stresses  were  observed  in  unmatched  plate  thickness  combinations,  with  matched  plate 
thickness  combinations  producing  more  uniform  residual  stress  profiles. 

The  quantification  of  residual  stress  development  in  these  systems  may  be  used  together 
with  other  analytical  and  mechanical  techniques,  to  inform  potential  armour  design  based 
on  composite  plates  produced  through  the  EW  process. 
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